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Abstract

Carbonaceous soot produced in a small diesel engine test facility was investigated with ultra-small-ang
scattering. Three soot samples produced using a reference diesel fuel and the reference fuel plus two o
additives were investigated. The presence of objects at three typical size ranges, i.e., aggregates, primary
and subunits, was observed. By studying soot powders and pellets from pressed powder, a separation of
contributions from aggregates and primary particles was possible. The scattering curves of soot from oxy
diesel show significant differences between samples obtained under idle and load conditions. Soot from
diesel fuel did not show such differences.
 2004 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Soot from combustion processes has been the
ject of uncounted studies for decades and is a con
uing topic of investigation. The reasons for studyi
soot and its formation are manifold:

(i) combustion engineers want to optimize comb
tion processes to suppress soot formation,
cause soot may be harmful to materials in
gines and furnaces;
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(ii) environmental scientists are concerned with s
because of its adverse health effects [1,2] and
possible impacts on global climate [3–5]; and

(iii) the study of the mechanisms of soot formation
a special modification of carbon is of significa
fundamental interest.

Particle size is one important structural parame
of soot that is often assessed with microscopy or s
tering techniques. Soot particles often occur as fra
aggregates with sizes up to several hundred nano
ters, built up from primary particles with sizes of∼ 5–
50 nm [6–8]. Knowledge of the aggregate struct
is important because many of the physical prop
ties of fractal aggregates may depend on their fra
morphology [9]. It has been found that the prima
particles are also built up from subunits, so that ty
e. Published by Elsevier Inc. All rights reserved.
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cally three size ranges are observed. The inclusio
such subunits in primary particles (plerospheres)
been observed before and thus is not a novelty to
ticles from combustion processes [10].

Ishiguro et al. [11] have observed with transm
sion electron microscopy (TEM) that diesel soot p
mary particles contain onion-like subunits. With t
same technique, di Stasio [12] reports evidence
three different size scales in soot obtained from
ethylene flame. The early stage of soot inception
been studied recently in flamma using small-angle
ray scattering (SAXS) [13].

Unlike microscopy, scattering techniques pro
the three-dimensional structure and morphology
matter as a bulk technique. This includes light sc
tering and small angle scattering with X-rays a
neutrons. In addition, the fractal dimension can
assessed fairly easily with the latter two techniqu
Most small-angle X-ray and neutron scattering fa
ities at major research laboratories (synchrotron r
ation centers and neutron sources) are accessib
qualified personnel of the entire scientific comm
nity, based on a competitive proposal rating syst
and usually free of charge for nonproprietary resea
work. Additionally, X-ray tube-based SAXS facilitie
exist at various universities, not much different fro
electron microscope facilities.

Small-angle X-ray scattering has extensively be
applied to coals and other carbonaceous mater
including carbon black [14] and glassy carbon [1
Fractal aggregates like carbon black or silica gels
hibit features similar to those of soot and have b
studied extensively with SAXS. The early stages
soot inception from gases have been studied in
with SAXS [13].

Diesel soot is a significant component of fine a
borne particulate matter (PM), constituting up to 70
of PM < 2.5 µm in mean diameter in some urban
eas. To the best of our knowledge, the present w
is the first ex situ SAXS study of soot and the fi
SAXS study of diesel soot.

2. Experimental procedures

Soot was produced at the diesel test engine fac
at the University of Utah from three diesel fuels in
two-stroke diesel test engine (Model Kubota Z482
482 cc displacement, typically 0.8–2.2 L/h fuel con-
sumption), operated at 1200 rpm under idle or un
load conditions with 10 ft lb and collected on a qua
filter. The fuel/air ratio was 0.013. The engine lub
cant was Havoline 10W30 motor oil.

The three diesel fuels included a reference fu
the reference fuel+5 wt% of diethyl carbonate (DEC
Mix A), and the reference fuel+1.5% DEC+ 4.3%
ethanol (Mix B). DEC and ethanol served as ox
genates. The diesel was a 50/50 mixture of the
Chevron/Phillips reference fuels T-22 and U-15, w
an average cetane number of 46.7 and 79 ppm s
content. The soot was collected on quartz filters
then separated from the filter for further analyses.

Ultra-small-angle X-ray scattering (USAXS) wa
carried out using synchrotron radiation at bea
line 33-ID at UNICAT, Advanced Photon Sourc
Argonne National Laboratory. At this beamline,
Bonse–Hart setup allows one to record USAXS sc
tering curves (SC) using a photodiode detector w
an angular resolution of 0.0001 Å−1 at a q range
from 0.0001 to 1.0 Å−1. The scattering vectorq is a
typically used quantity in small-angle scattering a
relates to the diffraction angle (2Θ), as known from
X-ray diffraction, via the relation

q = 4π/λ · sinΘ,

with X-ray wavelengthλ. The data acquisition tim
for a SC with 150 data points over theq range was
typically 15 min per sample.

For SAXS with respect to the large-q tail of
the SC, beamline 12-ID at BESSRC-CAT was e
ployed. This beamline has a shorterq range, but a
position sensitive detector (CCD camera), which
lows one to acquire SC in a shorter time (typically
a fraction of a second). All SAXS and USAXS da
were fully corrected for all instrumental effects. T
X-ray energies for both experiments were 10,000

For the SAXS experiments, the soot was eve
distributed on Scotch tape, at a thickness of appr
mately 200 µm. Since soot is a very good X-ray sc
terer at small angles, its scattered intensity domin
the scattering of the Scotch tape by several ord
of magnitude, so that this scattering, obtained from
separate reference measurement, could be easily
tracted from the SC of the soot/Scotch-tape assem
as a minor correction. Additionally, pellets of 1 m
thickness and 6 mm diameter were pressed from
soot at a pressure of 3.47 GPa.

Soot powder samples generated with the refere
diesel fuel were also measured with a commer
particle sizer. This machine is a combination of a c
trifuge (to separate particles) and a laser light be
and detector and applies Stokes’ law to determ
the sizes of particles immersed in a drop of a liq
[16]. This was a free service provided by CPS Inst
ments, Inc.

3. Results and discussion

For the basics of small-angle scattering, we
fer the reader to the textbook of Glatter and Kra
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Fig. 1. Log–log plots of scattering curves of powder soot samples.
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[17]. Scattering curves of the six soot samples are
played in Fig. 1.

The ordinate of the plots is the scattering cro
section dΣ/d�(q), also referred to as the SAX
intensity I (q) in arbitrary units in a typical doubl
logarithmic representation (log–logplot). Fig. 1 com-
pares the scattering curves from diesel soot obta
under idle and load conditions from each of the th
diesel fuels tested.

Over aq range from 0.0002 to 0.4 Å−1, the scat-
tered intensity varies by 9 orders of magnitude. Th
is a reciprocal relationship between theq vector and
the lengthL of objects in real space:L = 2π/q
[17]. With the USAXS setup used here, objects w
lengths ranging from 1 nm to 3 µm can be resolv
The drawn straight line in the left plot has an exp
nent of decay ofq−4 and serves as a guide to the e
In the middle plot in Fig. 1, another straight line wi
q−3 also serves as a guide to the eye.

For largeq, the intensity shows a straight dec
with a power law proportional toq−4 for almost all
samples studied. After Porod’s law [18–20], theq−4

decay of the intensity is a confirmation that the s
particles represent a two-phase system (soot part
and the surrounding air or empty space) with a sh
electron-density transition at the particle surface. T
hump betweenq = 0.001 andq = 0.01 Å−1 indicates
the presence of a structure with an extension rang
between 60 and 600 nm (large agglomerates or ag
gates, built up by primary particles). To the left of th
hump, for the lowerq, another decay of intensity i
observed, however, with a slope less steep thanq−4.
At the very highq tail, for q > 0.1, a constant back
ground causes a bending of the SC, which app
to have a less steep slope in this region. In the
ther analysis, we will see that an additional struct
is present in this region. Generally, however, for b
idle and load soot, the SC are very much alike.

The middle plot in Fig. 1 shows the soot fro
oxygenated diesel (Mix A), for both idle and loa
conditions. Both SC show a direct overlap in theq−4

region, but the bending point for idle is found at
lower q value than that of the load soot, indicati
that this structure of soot is larger under idle than
der load conditions.

For the soot from Mix B (right plot, Fig. 1), w
observe the hump only for the load soot, but not
the idle one.

It turned out that a Kratky plot [21] was most us
ful to quantify the structure betweenq = 0.001 and
0.01. The Kratky plot is the representation ofI · q2

versusq on linear axes, which is very sensitive to t
compactness of objects; in particular, compact obj
such as spheres exhibit a pronounced maximum
this plot. The positionqmax of this maximum is linked
with the particle diameterD via D = √

2/qmax.
Fig. 2 shows the SC in Kratky representation. F

better comparison, all curves are plotted on an
bitrary I · q2 scale of similar magnitude. With th
exception of the idle sample in Mix B, all SC sho
an intensity maximum. The idle samples exhibi
maximum at lowerq than the load samples, ind
cating that the scattering objects in this size ra
(aggregates) are larger when created under idle
dition. The sizes of the aggregates from all th
fuels under idle and under load condition are su
marized in Table 1. The results for Mix B, idl
are obtained from a close inspection of its cor
sponding log–log plot from Fig. 1, or a log–log re
resentation of its Kratky plot (not shown), whic
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column
samples.

icle size
Table 1
Primary particle and subunit size data obtained from pellet soot and aggregate size data from powder soot

Soot Subunits Primary particles Aggregat
D (nm)

Rg (Å) D (nm) Rg (Å) D (nm) D (nm)

Diesel, idle 6.0±0.1 1.5 55.4±2.3 14.3 13.7 29.7±4.0
Diesel, load 6.5±0.2 1.7 39.5±1.0 10.2 11.8 24.2±3.0
NIST 1650 4.9±0.1 1.3 73.6±1.5 19.0 – 19.2±2.1
Mix A, idle 7.4±0.1 1.9 81.8±4.2 21.1 19.4 87.1±14.0
Mix A, load 5.7±0.1 1.5 53.6±1.3 13.8 11.2 24.0±1.7
Mix B, idle 6.5±0.2 1.7 55.3±1.3 14.3 13.0 85±12.8
Mix B, load 6.4±0.1 1.7 85.1±3.7 22.0 14.1 28.7±6.4

Second and third columns show the sizes of subunits, fourth and fifth columns the size of primary particles. The sixth
shows the sizes of primary particles obtained from a Kratky plot. Column 7 shows aggregate sizes obtained from powder

Fig. 2. Kratky plots of the scattering curves of the powder soot samples. Arrows denote where the maximum for part
determination was assumed.
ap-
he
c-

in-
soot

ates
m-

ba-
ag-
than
be-

h

ad
gre-
. 3

bu-

ean

not
of
.

ng
ght

nd
w-
s in
m

ad
heir

ad
shows that a structure is present, with a size of
proximately 84.7 nm. Some of the maxima in t
Kratky plots are rather broad, and they might a
tually harbor several structures at a time. For
stance, closer inspection of the reference diesel
plots indicates very slight features atq = 0.0029
and 0.0025 for idle and load, suggesting aggreg
sizes of 49 and 57 nm, respectively. The load sa
ples for Mix A and Mix B show similar, but very
weak, signals at 0.0029 and 0.0025 Å−1, respectively.
The idle samples are very fluffy and possess pro
bly a higher degree of entanglement between the
gregates. Some aggregates may be even larger
those from the load samples. However, these are
yond the detection limit of the USAXS facility, whic
is 15 µm.

The light scattering results for the idle and lo
soots from the reference diesel fuel show that ag
gates exist with diameters of about 85 nm. Fig
shows the particle number distribution,P(R), of
these samples. We have fitted a log normal distri
tion to the data points in order to determine the m
radius,R0, and the width,σ , of this distribution:

(1)P(r) = 1√
2π

1

R σ
exp

(
− ln2 R/R0

2σ2

)
.

These sizes of 85 nm for reference diesel soot are
found with SAXS; but SAXS shows that particles
such size exist in the idle soot of Mix A and Mix B
We point out that the particles in the light scatteri
experiments were immersed in liquids, and this mi
have an effect on the aggregates’ size.

Another structure is present at approximatelyq =
0.01 Å−1. This structure, which is almost hidden a
very hard to make out in the Kratky plots of the po
der samples (Fig. 3), becomes much more obviou
the pellet samples. The Kratky plots of the SC fro
the pellet samples are displayed in Fig. 4. All lo
samples have pronounced and clear maxima in t
intensity, atq values of approximately 0.01 Å−1. It
is noteworthy that the reference diesel idle and lo
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soots show very similar SC with sharp intensity ma
ima. However, the maxima for the idle samples fro
Mix A and Mix B are less pronounced than those
the load samples.

Remarkably, the structure observed at the v
small q for the powder samples due to aggrega
vanishes in the SC of the pellet samples. The st

Fig. 3. Particle size distribution for soot from the referen
diesel fuel (×, idle;◦, load), as obtained from light scatterin
of powder. The solid line is the least-squares fit of the d
points to a log normal distribution (Eq. (1)).
tures now visible in the SC of the pellets are m
likely the primary soot particles with a size of abo
10 to 20 nm. This finding is supported by tran
mission electron microscopy results, as displayed
Fig. 5. Pressing soot into pellets is thus a techn
trick to remove the aggregate structure, which o
erwise overshadows the scattering signature of
primary particles. The current methodology for so
primary particle size determination is through ana
sis of TEM micrographs, but recently, laser-induc
incandescence [22] was successfully applied to
same task.

Our TEM results show that the primary soot pa
cles are globules with diameters of around 20 nm.
high-magnification TEM micrographs also show t
previously reported [11] onion-like subunits, whi
are incorporated in the primary particles. Those h
a mean size of about 5 nm and are not easily disce
in the raw SAXS scattering curves, since particles
small will scatter only atq ∼ 0.1 Å−1. To investigate
structures in the highq range, further analysis of th
SC is required, as illustrated in Fig. 6.

All SC became subject to more specific analy
at the highq range forq > 0.01. The circular data
points represent the original SC, and the dashed
is a least-squares fit of Eq. (2) to the SC:

(2)I (q) = c1 + c2 · q−4.

This is the relation for the so-called Porod scat
ing of objects with smooth surfaces or interfaces i
two-phase system [18–20]. By subtracting this Po
scattering fit curve from the original data, we can i
late the scattering due to the objects of very small s
The fit curve was subtracted from the SC, and the
sult is the modified SC indicated by open circles
Fig. 6. The pronounced shoulder in this modified
icle size
Fig. 4. Kratky plots of the scattering curves of the pellet soot samples. Arrows denote where the maximum for part
determination was assumed.
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Fig. 5. TEM micrographs of soot particles. Left: An agglomerate. Right: A primary particle.
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in theq range from 0.2 to 0.5 indicates the presen
of a structure with a size of about 10 Å. We appli
a Guinier fit [17,23] to this modified SC, which
the solid line that intercepts with the intensity axis
q ≈ 0.3:

(3)I (q) = NV 2�n2
f · exp

(
−q2R2

g

3

)
.

N is the number of particles in the irradiated sam
volume, detected in thisq range;V is the volume of a
single particle; and�n2

f is the X-ray scattering con
trast between the particles and their environment.

Rg is the radius of gyration of the objects, which
the mean square distance from the center of elec
density of a particle (in analogy to the momentum
inertia in mechanics),

(4)R2
g =

∫
V ρ(ri)r

2
i dV∫

V ρ(ri ) dV
,

with ρ being the number of electrons per unit volum
in the sample.

From the least-squares fit of Eq. (3) to the Por
subtracted SC, we find a radius of gyration of 5.95
for the structure at highq. The same procedure wa
applied to the structure atq ≈ 0.02; here, we find
Rg = 55.40 Å. The drawn line, with intercept at abo
100 on the intensity axis, represents the correspo
ing fit (Fig. 6). Almost all objects with some geome
rical regularity can be assigned a structure factor [1
this is a function ofq vector and a geometrical par
meter of the object such as the radius for a sphere
the length of the axes of a prism, or an ellipsoid, a
so on. Guinier has found that for the central part
the scattering curve, a universal approximation ex
for all particle shapes with the radius of gyration
Fig. 6. SC from diesel idle pellet sample (filled data poin
and least-squares fit with Porod’s law (dotted line, a
Eq. (2)). Data curve with open symbols is the differen
between two former curves, including two least-squa
Guinier fits after Eq. (3).

the only parameter (Eq. (3)). There exist convers
formulae that transformRg into the geometrical para
meter mentioned. The relationship between the ra
R of a sphere andRg is, for instance,

(5)R =
√

5

3
Rg.

Unless indicated otherwise by supplemental
perimental evidence, the assumption of sphere-
structures is often justified. In the present case,
Guinier analysis of our data indicates sphere-l
objects with dimensions of approximately 1.5
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14.3 nm. It should be noted, however, that Guinie
approximation actually holds only for dilute sy
tems. Soot powders and pellets may be conside
a dense system and a rigorous analysis would req
a particle–particle correlation function as addition
correction. We have not included this correction a
the particle sizes determined may therefore be so
what overestimated. Size data are summarized in
ble 1.

Our results are supported by high-magnificat
TEM. The right TEM image of Fig. 5 is typical of th
structure of our diesel soot observed at high mag
fication. Indeed, we observe that there are abun
onion-like subunits made that have diameters ra
ing from approximately 2 to 20 nm. These onio
like structures are made from parallel graphene sh
arranged with their basal planes perpendicular to
radii of the structures. Ishiguro et al. [11] have o
served similar structures in diesel soot and di Sta
[12] makes similar observations on soot from a Bu
sen burner fed by ethylene.

The observation that the graphene sheet pla
are perpendicular to the radii of the primary pa
cles finds its manifestation in another SAXS obs
vation. In Fig. 1 we find that the exponent of dec
for q > 0.01 is close to 4 for all soot samples stu
ied here, indicating that the system obeys Porod’s
With the perpendicular arrangement, there is a sh
electron-density transition between graphene pla
and empty space. The opposite case would not
vide such a sharp transition and would yield a sma
exponent of decay [24]. The pellets show a sma
exponent of decay than the powder samples.

In a number of recent publications about carb
black, deviations from Porod’s law, i.e., a noninteg
exponent of decay at highq values, had been erro
neously attributed to fractal characteristics of the m
terial [25]. Such fractal characteristics, however, m
be apparent only because misalignment of graph
sheets, which is typical for many disordered carbo
would cause a scattering contribution, which toget
with Porod scattering would infer a noninteger exp
nent of decay [25]. In our samples, at highq values,
we observe that Porod’s law is well maintained. F
the powder samples, the exponent of decay is hig
than 3.8 in every case and usually close to 4. For
pellet soot samples, the exponents of decay are so
what smaller, but not lower than 3.77. This mig
be due to the fact that in pellets, the primary pa
cles are closer together and thus the assumption
sharp electron-density transition between particle
empty space does not hold anymore. The expon
of decay are summarized in Table 2 for compariso

One anonymous referee of this paper has ra
the question whether the small structures at very h
q might be caused by so-called micropores, for
stance. In fact, assuming that soot is basically so
graphite-like material, it should have a theoreti
mass density of 2.268 g/cm3 (the upper limit). The
presence of pores would cause a lower mass den
though. To account for this pore effect, one can int
duce the skeleton density, or X-ray density, which
obtained from the (002) Bragg reflex position in t
case of carbonaceous materials.

Deviations of the (002) peak position from th
(002) reference peak of graphite, i.e., a peak s
toward smaller diffraction angles, are then int
preted as wider spacing of the corresponding Br
planes and thus a smaller density than graphite.
(002) peak positions of our soot samples ranged f
23.87◦ to 24.45◦ for 2Θ .

From the position of the (002) peak (Θ002) in the
X-ray diffractogram, the layer distanced002 was de-
termined using the Bragg equation:

(6)λ= 2 · d002 · sinΘ002.

The densityρx of the soot can then be calculated fro
X-ray data according to [26],

(7)ρx = (3.33538/d002)× 2.268 g/cm3,

where 2.268 g/cm3 is the density of graphite with
d002= 3.33538 Å.

The skeleton densityρx of our soot samples thu
did not exceed 2.03 g/cm3. Our soot pellets, how
ever, had an apparent mass densityρg not exceeding
1.2 g/cm3.
Table 2
Exponent of decay for all soot samples in the long and shortq range

Fuel Highq, powder Highq, pellet Lowq, powder Lowq, pellet

Diesel, idle 3.99 3.89 3.28 2.89
Diesel, load 3.86 3.86 3.12 3.16
NIST 1650 4.00 3.86 3.12 2.46
Mix A, idle 3.97 3.77 3.02 3.36
Mix A, load 3.96 3.94 3.09 3.45
Mix B, idle 3.92 3.80 2.96 3.39
Mix B, load 3.98 3.95 2.75 2.80

The absolute error for the exponent is better than 0.02.
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We determined the porosityp of the soot from its
X-ray densityρx and its apparent densityρg, which
can be obtained from the weight and the dimensi
of the sample, by using the relation [26]

(8)p = 1− ρg

ρx

and found a value ofp ≈ 41%.
This porosity can be caused by pores and vo

of various sizes. The fact that we press the prim
particles close together when we press pellets rev
that some degree of porosity is maintained betw
these particles. We have no direct information, ho
ever, that a microporosity is present in the prima
particles. However, we believe that the TEM micr
graphs of soot look quite similar to TEM micrograp
of glassy carbon [27,28]. Glassy carbon (GC) is
carbon material synthesized by pyrolysis of phe
lic resins and has a very high internal surface a
due to pronounced microporosity. The micropores
be as small as 1 nm, and the internal surface a
ranges from 1000 to 2000 m2/g, at mass densitie
around 1.5 g/cm3. The pores have to be consider
as voids because they have no connectivity. TEM d
not allow for a direct visualization of these pores.
stead, the porosity of GC is believed to be enclo
in polyhedra built up by graphene sheets. GC
been extensively studied with SAXS and shows str
tural features at very highq, which are attributed to
the micropores. However, it is not possible to tell t
micropores and the nanocrystallites apart in a sca
ing experiment, because they basically have a sim
size. Only recently an attempt was made to show
the typical small-angle scattering of glassy carbon
the highq range is due to the voids and not due
the graphite-like crystallites. But this was an indire
approach and involved an oxidative treatment (a
vation), which opens and interconnects the voids
then has particular impacts on the evolution of
small-angle scattering correlation function [29].

Fig. 7 compares the SAXS curves of the NIS
reference soot sample (curve with open circles)
SAXS curves of three types of GC. The most ty
cal scattering feature of GC is the intensity plate
for q < 0.2 Å−1 and the Guinier range right next
this plateau, toward higherq values. The lower scat
tering curve (filled squares) is from a 60-µm-thi
GC sample, pyrolyzed at 1000◦C, and with radius
of gyration 7.8 Å. The two shorter SAXS curve
are unpublished data with absolute intensity c
bration (cm2/(cm3 srad)), obtained from two 1-mm
thick GC samples pyrolyzed at 1000◦C (K-type, solid
line) and 2200◦C (G-type, dotted line), at Hamburg
Synchrotronstrahlungslabor, JUSISA SAXS facil
(Hamburg, Germany). The corresponding radii of g
ration are 5.7 and 9.2 Å, respectively. These ra
Fig. 7. SC of NIST 1650 reference soot sample (open s
bols) and glassy carbon plates with 60-µm (filled symb
and 1-mm-thickness. Solid line is from K-type GC, p
rolyzed at 1000◦C, dotted line is from G-type GC, py
rolyzed at 2200◦C.

were obtained from the Guinier ranges near 0.15
0.2 Å−1, respectively. The subunits of the soot p
ticles are basically found in the sameq range. The
power law exponent of decay in thisq range is very
close to 4 for the soot samples, in line with Poro
law. This holds not for the GC samples, for whi
we observe exponents around 2.5. It remains there
open whether the primary particles and subunits c
tain a microporosity that would account for the re
tively low mass density. Possible experimental rou
to test soot for microporosity could include oxidati
treatment, i.e., thermochemical [15] or electroche
ical [30] activation, with subsequent gas adsorpt
analysis or double-layer capacity measurement. S
a route would be advisable because preliminary w
on soot oxidation has already been performed [31

It is not always possible to decompose structu
information such as power laws or humps that a
from objects, in particular when the structure is
complex as in the present case. Pressing particle
gether in pellets is found useful because the ag
gates’ structure is altered, and therefore this st
tural feature can be identified more easily aga
other structures in the SAXS curve. We have app
Guinier fits to the load diesel pellet sample in this
gion and found an aggregate diameter of 39 nm, w
on the corresponding powder, 77 nm was found.
the load Mix A pellet it was 29 nm, and 72 nm fo
powder. For load Mix B, the diameter was 45 a
98 nm for the pellet and powder, respectively. W
thus are assured that the feature in thisq range can
be attributed to aggregates with diameters of ab
∼ 80 nm.

4. Conclusions

We have investigated soot powders and pel
with small-angle X-ray scattering and found thr
characteristic size ranges. The most prominent fea
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is visible in the log–log plot of scattering curves b
tweenq = 0.001 and 0.01 Å−1, which is due to soo
particle aggregates. This feature is altered by pres
the powder into pellets. The original aggregate s
ranges between 70 and 100 nm and thus is comp
ble to results based on laser light scattering and o
published work on diesel soot. Additional, finer fe
tures were found in a range of the SC that obe
Porod’s law. Subtraction of Porod scattering con
butions gave access to these finer structures, w
were identified as the primary particles (10–20
diameter) and subunits (1.7 ± 0.2 nm) of these par
ticles. These structures are believed to be onion-
structures of graphene sheets that are seen in h
magnification TEM images and range in size fro
approximately 2 to 20 nm.

In summary, a methodology has been develo
for analysis of SAXS data obtained from diesel so
that is capable of distinguishing three primary s
parameters that characterize the soot: a soot par
aggregate size, a primary particulate size, and a pa
ulate subunit size. For the current samples, the ag
gate size ranged between 70 and 100 nm, the prim
particulate size was typically 10–20 nm, and the p
ticulate subunit size was approximately 2 nm. Th
results are consistent with transmission electron
croscopy results obtained by our group and by oth
[11,12]. Although the TEM results are more easily
terpreted and illustrative than SAXS, the SAXS me
surement has the advantage of being much less
consuming, requiring only minutes per sample, wh
TEM may require hours or even days for a compl
investigation of a sample. Additionally, the SAX
method has the advantage of being a bulk meas
ment that yields results characteristic of and stat
cally significant for the whole sample, while TEM b
its nature can probe only a minute amount of the
tal sample. It therefore seems logical that these
methods should be used for structural analysis
complementary manner, with SAXS providing hig
throughput screening for large numbers of soot s
ples and TEM examining the more interesting sa
ples in more detail.
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